The primary requirement for a new diploid species to arise via hybridization is ecological divergence from its parental species. Ecological divergence protects the nascent hybrid species from competition with its progenitor species and may contribute to reproductive isolation. However, the means by which hybridization might facilitate the necessary adaptive transitions are poorly understood. Here, we report the results of a glasshouse experiment in which 42 morphological and ecophysiological traits were measured in three hybrid sunflower species (Helianthus anomalus, Helianthus deserticola, and Helianthus paradoxus) and their parental species (Helianthus annuus and Helianthus petiolaris). A surprisingly high proportion of traits were extreme relative to the parental species (24%, 20%, and 39% of traits in H. anomalus, H. deserticola, and H. paradoxus, respectively). Most of the extreme traits have previously been reported in the literature as adaptations to dune (H. anomalus), high-desert (H. deserticola), or high-salt (H. paradoxus) habitats. We propose that hybridization has contributed to ecological divergence largely via the generation of extreme traits in segregating hybrids, a commonly observed phenomenon called "transgressive segregation."
Introduction
There are two primary mechanisms by which new species may arise via hybridization: allopolyploidy and diploid, or "homoploid," hybrid speciation (Grant 1981) . Allopolyploid speciation is theoretically straightforward because reproductive isolation arises as an instantaneous by-product of chromosomal doubling. In contrast, there is no universal mechanism by which new homoploid hybrid derivatives become reproductively isolated from their parental species. Computer simulations of the process indicate that reproductive isolation of the incipient homoploid hybrid species may arise through ecological divergence, spatial isolation, and/or the fixation of a recombinant karyotype (McCarthy et al. 1995; Buerkle et al. 2000) . Karyotypic divergence is well documented for several natural hybrid species (Randolph 1966; Gallez and Gottlieb 1982; Rieseberg et al. 1995b; Hirai et al. 2000) , and at least some degree of spatial isolation is a consistent feature of this process (Rieseberg 1991; Arnold 1993; Wang and Szmidt 1994; Sang et al. 1995; Taylor et al. 1996; Allan et al. 1997; Wolfe et al. 1998; Brochmann et al. 2000; Maki and Murata 2001) . However, evidence of ecological isolation derives largely from ad hoc observations that hybrid species occur in habitats that differ from those of their parental species (although see Schwarzbach et al. 2001; Welch and Rieseberg 2002) .
For ecological differences to contribute to hybrid speciation, they must arise very early in the speciation process (Buerkle 1 Author for correspondence; e-mail lriesebe@indiana.edu. November 2001 November . et al. 2000 , presumably as a consequence of hybridization itself. Because hybrids combine alleles from their parental species, they traditionally are assumed to be phenotypically intermediate. However, this need not be the case. Extreme phenotypes are frequently reported in segregating hybrid populations from controlled crosses (Rieseberg et al. 1999a ). Such transgressive segregation might facilitate the acquisition of ecological isolation and can have a variety of genetic causes (de Vicente and Tanksley 1993) . Most frequently, transgression appears to arise from the complementary action of genes that are dispersed between the parental species (Rieseberg et al. 1999a) , although overdominance (de Vicente and Tanksley 1993) and epistasis (Monforte et al. 1997 ) also contribute.
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The production of transgressive phenotypes provides a straightforward explanation for the ecological divergence of hybrid lineages, but other explanations are possible as well. For example, a combination of parental traits might lead to novel ecological preferences, even if none of the traits are individually transgressive (Johnston et al. 2001 ). This appears to have happened in Iris (Burke et al. 2000) , in which the homoploid hybrid species Iris nelsonii (shade/freshwater) appears to be recombinant for ecological tolerances that differentiate its parental species (shade/saltwater and sun/freshwater). Alternatively, it is possible that a given hybrid habitat is truly intermediate and requires no special genetic explanation for its colonization by hybrids.
All of the above explanations assume that hybridization had a causative role in niche divergence. However, it may be that the ecological differences characteristic of most hybrid species arose through mutational divergence and were incidental to hybrid origin (the null hypothesis).
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The annual sunflowers of the genus Helianthus are ideal for studies of the ecological divergence of hybrid lineages specifically and of homoploid hybrid speciation more generally. Molecular phylogenetic studies have identified three species in this group (Helianthus anomalus, Helianthus deserticola, and Helianthus paradoxus) that are stabilized diploid hybrid derivatives of two widespread species, Helianthus annuus and Helianthus petiolaris (Rieseberg et al. 1990; Rieseberg 1991) . The hybrid species appear to have been derived independently from the parental species, providing a replicated natural hybrid speciation experiment. Moreover, the three hybrid species occur in what appear to be the three most extreme habitats that annual sunflowers occupy: H. anomalus occurs on sand dunes, H. deserticola occurs on the desert floor, and H. paradoxus occurs in brackish, saline marshes (Heiser et al. 1969) . We are attempting to exploit this unique situation to understand how hybridization might facilitate major adaptive transitions.
The specific purpose of this study is to provide a detailed assessment of morphological and ecophysiological differences among the three hybrid sunflower species and their parental species. Differences are interpreted with respect to the habitats in which the species are found, although we recognize that these interpretations must necessarily be preliminary in the absence of experimental evidence demonstrating the adaptive value of particular trait differences.
Material and Methods

Plants
The five Helianthus species analyzed are diploid (np17), self-incompatible annuals, all native to North America. Helianthus annuus and Helianthus petiolaris, the parental species, are widespread, polytypic taxa with similar geographic distributions. Both are abundant in the central and western United States and are sporadic eastward. Helianthus annuus is found in clay-based mesic soils, whereas H. petiolaris occurs in drier, sandier soils. Hybridization occurs when these two habitats are juxtaposed, which is frequent, but the two species retain their genetic integrity because of the synergistic action of several reproductive barriers (Rieseberg et al. 1995a (Rieseberg et al. , 1999b Schwarzbach et al. 2001) . Schemske (2000) claims that hybridization is unlikely to have played a significant role in the evolution of Helianthus because many present-day hybrid swarms are associated with human disturbance. However, hybrid swarms often occur in naturally disturbed habitats such as floodplains or buffalo wallows (L. H. Rieseberg, unpublished observation). Moreover, buffalo, which appear to have been the primary dispersal agent for annual sunflowers (Asch 1993) , likely created ample disturbed habitat for hybrid formation long before humans colonized North America. Finally, detection of several unique mutations in each of the hybrid species (Rieseberg et al. 1990 Rieseberg 1991; Schilling et al. 1998; Ungerer et al. 1998) implies both a prehistoric origin of the hybrid species and ancient hybridization between their parents.
The three hybrid taxa have much narrower geographic distributions than their parental species (Heiser et al. 1969 Achenes from all heads from a given population were pooled, and a subset was arbitrarily chosen for propagation at the University of Georgia greenhouses. We felt that the analysis of a single population per species was justified because most genetic and morphological variation is found within rather than among populations of annual sunflower species (Heiser 1954 (Heiser , 1961 Rieseberg et al. 1990 Rieseberg et al. , 1991 .
Achenes were germinated following the protocol of Schwarzbach et al. (2001) , and 20 seedlings from each population were planted in 25-cm-diameter plastic pots containing a 3 : 1 mixture of sand/fritted clay (Turface, Profile Products, Buffalo Grove, Ill.). This mixture does not contain any nutrients or NaCl, which allowed us to add them in controlled quantities. Pots were arrayed in a randomized block design in the University of Georgia greenhouses, with 10 blocks and two individuals of each species per block. Each block also included 40 individuals from a BC 2 population between H. annuus and H. petiolaris, which is the focus of an ongoing quantitative trait locus (QTL) study. Plants were watered twice each day and fertilized with a time-release microencapsulated complete fertilizer (Osmocote Plus, Scotts-Sierra Horticultural Products, Marysville, Ohio). In addition, 8 d after planting, plants were treated with 5.0 mM NaCl twice weekly for 3 wk because previous studies indicated that H. paradoxus responds to salt stress by accumulating sodium in its leaves (Welch and Rieseberg 2002) . The very dilute NaCl treatment employed was high enough to ensure detection of this response but low enough so that the remaining species were unaffected. Some plants died early in the experiment and were excluded from analyses. 
Morphological and Ecophysiological Measurements
Twenty-four morphological traits were measured (table 1), including seed and seedling traits, vegetative and floral traits, and traits relating to plant architecture and/or timing of developmental stages. The term "phyllaries" refers to the leaflike bracts that underlie flowering heads, and ligules are the single florets found on ray flowers. Flower characters were measured on flowers where ≥75% of the florets were mature. Leaf characters (leaf area, leaf shape, petiole length, leaf succulence) were measured on a fully expanded nonsenescent leaf from Measurements were also taken to detect possible differences between these species in ecophysiological traits, such as photosynthetic rate, water and nitrogen use efficiency, and nutrient status. Over a 2-wk period beginning 47 d after planting, we measured the photosynthetic rate, stomatal conductance, and internal CO 2 concentration of a single mature leaf from each plant using a LI-COR 6400 portable photosynthesis system (CO 2 ppm; air C; concentration p 360 temperature p 26Њ photosynthetically active mmol m Ϫ2 s
Ϫ1
). Preradiation p 1500 vious measurements indicated that Helianthus did not exhibit midday stomatal closure (Schwarzbach et al. 2001) ; therefore, all measurements were taken between 10:30 A.M. and 4:30 P.M. on clear sunny days. As in Schwarzbach et al. (2001) , internal CO 2 concentration was employed as an estimate of instantaneous water use efficiency (WUE) (Farquhar et al. 1989; Donovan and Ehleringer 1994) . Efficiency over the entire growing season (integrated WUE) was determined from stable carbon isotope ratios (d To detect differences in nutrient status and use, a mature 390 INTERNATIONAL JOURNAL OF PLANT SCIENCES leaf was air dried, and one portion was analyzed for percentage of N and C by Dumas combustion with a Carlo Erba NA 1500 elemental analyzer (Milan, Italy). Photosynthetic nitrogen use efficiency (NUE) was calculated as the ratio of assimilation and N content per unit area of leaf (Field et al. 1983; Donovan et al. 1996) . Acid extracts (Sah and Miller 1992) from leaf tissue collected the day after the final 5 mM NaCl applications were analyzed for B, Ca, K, Mg, Mn, Na, and P on an inductively coupled plasma-atomic emission spectrophotometer.
Data Analysis
Traits were analyzed using three methods. First, the overall phenotypic similarity among individuals and species across all 42 traits was graphically assessed by principal components analysis (PCA) of correlations (Sokal character # character and Rohlf 1995). Traits were standardized (but not transformed) before analysis by dividing the centered variable by its standard deviation to ensure that all variables contributed equally to the analysis. The PCA also allowed us to appraise the extent of phenotypic correlations among the traits analyzed. Second, two-way ANOVA were used to test for effects of "species" and "block" on each of 41 traits (root-hair length was not tested because variation was categorical rather than continuous). Third, Kruskal-Wallis comparisons were made for each trait to provide a nonparametric test of species differences. A significance level of 5% was employed for the latter two approaches. Because multiple comparisons were made, least significant difference methods (Sokal and Rohlf 1995) were employed to identify significant pairwise combinations. All significance levels were corrected using the sequential Bonferroni method (Rice 1989) .
Results
Principal Components Analysis
PCA of the 42 morphological and ecophysiological traits easily differentiated three of the five species under investigation (figs. 1, 2). However, there was some overlap between Helianthus petiolaris and Helianthus deserticola for factors 1 and 2, which account for 44.4% of the total phenotypic variation (this is a typical value when many traits are analyzed). Factor 3 (10.1% of phenotypic variation) provided fairly good separation between the two species, but it was not complete. The lack of complete separation between H. petiolaris and H. deserticola for the first four factors (figs. 1, 2) is puzzling, given that the two species differ significantly for 14 traits (table 2) . A possible explanation for this is that some traits differentiating the two species have high loadings for factors not presented graphically in figures 1 and 2. Indeed, this is the case for leaf potassium, which is loaded most heavily for factor 5. Also, it should be noted that H. deserticola and H. petiolaris are isolated by a very strong sterility barrier (first generation hybrids average 6.7% pollen viability), indicating that they are good species (Chandler et al. 1986 ).
Overall, factor 1 was most effective in discriminating among the five species. It is noteworthy that both Helianthus anomalus and Helianthus paradoxus are intermediate between their parental species for this factor ( fig. 1 ) but not for factors 2-4. Traits contributing most strongly to the separation observed for factor 1 include all three plant height traits (height at final harvest, at first branch, and 7 d after planting), seed weight, stem diameter, ligule number, disk diameter, leaf shape, specific leaf area, density of root hairs, and flower number ( fig. 1) .
Factor 2 served mostly to differentiate H. paradoxus from the other species. Helianthus paradoxus occurs in habitats with high soil salt concentrations and most of the traits that contribute to its separation are typical of halophytic species ( fig.  1 ). These include leaf succulence, reduced rates of photosynthesis and plant growth, high concentrations of leaf Na, Mn, and Mg, and low concentrations of leaf K ( fig. 1; table 2) .
The species occurring in the most xeric habitats, H. anomalus, H. deserticola, and H. petiolaris, were best differentiated by factor 3 ( fig. 2) , primarily on the basis of seed weight (H. anomalus has very large seeds) and the shape of leaves and phyllaries. Factor 4 was unsuccessful at differentiating any of the species ( fig. 2) .
Suites of characters that differentiated each taxon tended to be fairly strongly correlated, as can be visually assessed in figures 1 and 2. For example, many of the size traits that differentiate Helianthus annuus from the other species in factor 1 are correlated, as are many of the traits separating H. paradoxus from the other taxa in factor 2. Note that these are phylogenetic correlations and thus may not have a developmental or functional basis.
To detect developmental or functional correlations, we also searched for character correlations within each species. The strongest correlations are presented in figure 3 and generally make sense from a developmental or functional standpoint. For example, in all of the species except H. paradoxus, stomatal conductance (COND) and internal CO 2 concentration (CI) are tightly correlated. This relationship is expected since the former largely controls the latter. Similar, very tight correlations are observed between petiole length (PETLEN) and leaf area (LFAREA), days until budding (BUDDAY) and days until flowering (FLODAY), and ligule width (LIGWDTH) and ligule length (LIGLGTH). A developmental explanation for each of these correlations is obvious. Finally, various measures of leaf carbon and leaf nitrogen tend to be correlated in some way in each of the five species, indicating a strong coupling between nitrogen use and photosynthetic carbon acquisition.
Statistical Tests of Species Differences
Although the data were analyzed using both parametric (ANOVA) and nonparametric (Kruskal-Wallis comparisons) methods, we have chosen to present results from the KruskalWallis analysis for two reasons. First, Kruskal-Wallis comparisons are robust to variation in sample sizes and to deviations from a Gaussian distribution, both of which characterized this data set, whereas ANOVA is not. Second, the results generated from the ANOVA and Kruskal-Wallis tests are essentially identical.
The parental species, H. annuus and H. petiolaris, were significantly different for 19 of the 23 morphological traits and eight of the 18 ecophysiological traits tested (table 2). Not Fig. 1 Principal components analysis (PCA) of morphological and ecophysiological data for five wild sunflower species (factor 1 # factor 2). The centroid of the phenotypic distribution of each species is indicated by a circled number (black number on ; white number white p hybrids on species) to which each individual of that species is connected by lines. The circle below the PCA shows the traits that black p parental contributed to separation in each direction. Arrows closest to the edge of the circle indicate traits with the highest character loadings. Traits with arrows in the same direction and close to the edge of the circle are highly correlated. Abbreviations of traits follow table 1, whereas abbreviations for taxa follow table 2. surprisingly, many of these traits have high loadings for factor 1, which best separates the two taxa in the PCA as discussed previously ( fig. 1 ).
Trait differences between the three hybrid species and their parents also make sense when compared to the positions of taxa in the PCA. Helianthus paradoxus, for example, is intermediate between the parental species for only nine of 41 traits (22%; table 3), extreme or transgressive for 16 traits (39%), and similar to one or the other parental species for the remaining 16 traits. Helianthus deserticola and H. anomalus are less strongly differentiated from the parental species, with a total of eight (19.5%) and 10 (24.4%) transgressive traits, respectively (table 3). The two species also are similar in terms of the number of traits they share with the parental species (26 traits for H. deserticola and 21 for H. anomalus) and the number of intermediate traits (seven and 10, respectively). As suggested by the PCA, H. deserticola is similar to H. petiolaris for a much larger number of traits (17) 
Discussion
Character Expression in Ancient Hybrid Species
Theory indicates that for new diploid species to arise via hybridization, they must diverge ecologically from their parental species (Templeton 1981; McCarthy et al. 1995; Buerkle et al. 2000) . Otherwise, the new hybrid lineages are likely to be overcome by competition and/or gene flow with their parental species (Wolf and Rieseberg 2001 ). Thus, a major prediction from theory is that hybrid neospecies will differ from their parents for traits that allow them to occupy divergent habitats. This prediction is satisfied for the hybrid species analyzed herein. Not only do they occur in unique habitats in nature, but they each have a suite of morphological and ecophysiological traits that distinguishes them from their parental species, even when grown under common garden conditions (figs. 1, 2; table 2).
Another prediction from theory is that for hybrid speciation to be successful, the requisite ecological differences must arise very early in the speciation process (Buerkle et al. 2000) . Given the very short window available for ecological divergence, hy-bridization seems more likely to serve as the immediate source of selectable genetic variation than mutation. Unfortunately, these issues cannot be directly assessed with this data. Nonetheless, we can examine the kinds of phenotypic changes that accompanied ecological divergence. Our data indicate that the hybrid sunflower species are not "intermediate" with respect to morphological and ecophysiological traits. Rather, they are mosaics of intermediate, parental-like, and extreme traits. Indeed, up to 39% of the traits assayed were significantly transgressive (table 3) . This pattern of character expression implies that generation of extreme traits through transgressive segregation likely played a critical role in the speciation process, although the null hypothesis of mutational divergence cannot be ruled out.
In the future, segregating hybrid populations between the two parental species, Helianthus annuus and Helianthus petiolaris, will be studied to determine whether the extreme phenotypes characterizing the ancient hybrid taxa can be accounted for by hybridization. If so, the same segregating populations will be used to estimate the genetic basis for interspecific transgression.
Comparison with Previous Studies
This investigation largely replicates an earlier study of character expression in one of the three hybrid species, Helianthus anomalus (Schwarzbach et al. 2001) . Although the suite of characters analyzed in the two studies is not identical, overlap exists between them, making direct comparisons possible. Overall, 38% of traits in H. anomalus were reported to be transgressive by Schwarzbach et al. (2001) , compared to 24.4% in this study. However, the proportion of parental-like traits is similar between the two studies. To better understand the differences between the two studies, we examined character expression on a trait-by-trait basis. Only 12 of 24 traits (50%) examined in both studies were classified as the same in terms of character expression. Although the concordance between the two studies is somewhat greater than the 20% expected by chance (there are five possible categories of character expression), it does not exactly inspire confidence in the repeatability of our results. Closer scrutiny of the data, however, revealed that, in some instances, trait values actually exhibit a similar relationship among the two studies, but significance thresholds were narrowly missed in one of the studies, possibly because of differences in sample size. On the other hand, there are some very real differences between the two studies in traits such as disk diameter (DISKDIA), leaf shape (LFSHAP), and leaf CI. These differences are probably best accounted for by intraspecific variation in these traits because different populations of each species were employed in the two studies and/ or by environment-dependent trait expression. The previous study was conducted in the fall with lower light and temperature conditions as compared to this study, which was conducted in the summer.
Ecological Interpretation of Trait Differences
A long-term goal of this work is to determine whether the trait differences observed among the species represent adaptations to the habitat in which they occur. However, the comparative approach we are employing cannot discriminate adaptations from neutral traits or from nonadaptive traits that are by-products of developmental processes (Gould and Lewontin 1979; Arntz and Delph 2001) . Nonetheless, we can search for correlations between traits and habitats and develop hypotheses that can be tested experimentally.
Helianthus anomalus. This sunflower is a true sand dune endemic, often extending further into sand dune habitat than any other species occurring in the Great Basin Desert. Dune habitats are relatively mesic compared to open sandy desert, and water is usually not the limiting factor for growth (Pavlik 1980) . The environmental factors that are most limiting to plant growth and existence on dunes are moving sand and low nutrient levels, particularly inorganic nitrogen (Pavlik 1980; Bowers 1982; Moreno-Casasola 1986; Danin 1996; Maun 1998 ). This creates a dilemma; plants need to grow fast enough to avoid burial by shifting sand, but their growth rate is limited by low nutrient levels.
The emerging literature on sand dunes has identified a suite of traits associated with the dune habitat specifically and with desert annuals more generally. Large seeds and rapid seedling growth characterize many dune plants and are thought to represent adaptations for avoiding burial by moving sand (Danin 1991; Bowers 1996) . Substantial internal nutrient storage also enables rapid early root growth for tapping water reservoirs. Once plants become established, however, there may be little advantage to continued rapid stem growth because light generally is not limiting in the dune habitat. Helianthus anomalus may employ this strategy because it has significantly larger seeds than either parent (Schwarzbach et al. 2001 ; table 2), and seed weight is tightly correlated with initial seedling growth (HYPOLG) in this species ( fig. 3) . However, growth rates of seedlings and established plants of H. anomalus did not differ significantly from its parental species (table 2) .
Less is known about how plants tolerate the low nutrient conditions of the dune habitat. Some dune species can fix nitrogen, whereas others appear to increase nutrient uptake by forming associations with vesicular-arbuscular mycorrhizae (Perumal and Maun 1999) . While H. anomalus growing in dunes likely forms mycorrhizal associations that were absent in this greenhouse study, it is not a nitrogen-fixing species. Photosynthetic nitrogen use efficiency (PNUE) in H. anomalus is high when compared to other desert annuals (Field and Mooney 1986 ), but it cannot be differentiated from its parental species for the trait (table 2) . Helianthus anomalus does have higher leaf nitrogen than either parental species when measured on a leaf-area basis (LFNAREA).
Photosynthetic rate, stomatal conductance, and various measures of WUE in H. anomalus and its parental species are discussed in detail by Schwarzbach et al. (2001) , so our comments are brief. Like many other dune plants (Pavlik 1980; Jiang and He 1999) , the photosynthetic rate and stomatal conductance exhibited by H. anomalus are high but within the range of its parental species (table 2) . Data on WUE are mixed. Schwarzbach et al. (2001) found H. anomalus to have a less conservative water use strategy then H. annuus whether measured in terms of instantaneous or leaf-lifetime integrated WUE. In this study, however, no differences were detected for either measure of WUE.
Helianthus deserticola. This hybrid sunflower species is native to desert regions of Nevada, Utah, and Arizona. Unlike . petiolaris. x 2 and P values derive from Kruskal-Wallis tests of species differences for each trait. Least significant difference methods (Sokal and Rholf 1995) were employed in the context of ANN p H PET p H the Kruskal-Wallis test to identify significant pairwise combinations ( P ! 0.05), which are indicated by the letter S. Significance levels were corrected using the sequential Bonferroni method (Rice 1989 H. anomalus, H. deserticola grows in stabilized sandy soils on the desert floor. Desert annuals typically germinate only after heavy seasonal rain and then complete their reproductive cycle very quickly (Aronson et al. 1993; Clauss and Venable 2000) . Traits associated with this strategy include rapid growth rate, rapid flowering, reduced height at maturity, and high rates of photosynthesis and stomatal conductance (Wullschleger 1993; Smith 1997 ). In addition, desert plants often have narrower, smaller leaves to reduce water loss and avoid fatal overheating (Chapin et al. 1987; Gibson 1998) .
Our measurements of H. deserticola are largely consistent with these predictions. It grows rapidly (RGR) like its parental species, but it buds (BUDDAY) and flowers (FLODAY) significantly earlier than either of them (table 2) . Surprisingly, glasshouse plants of H. deserticola are as tall at harvest (HARHGT) as one of its parental species, H. petiolaris. However, in nature, its final height typically is less than half that of either parental species (Heiser et al. 1969) . As with other annual sunflowers (Schwarzbach et al. 2001) , H. deserticola displays high rates of photosynthesis and stomatal conductance, but both values are in the range of the parental species. Physiological experiments indicate that H. deserticola is no more conservative in WUE than its parental species under wellwatered conditions, but it does display the predicted reduction in the size and shape of leaves, phyllaries, and ligules (table  2) .
Perhaps the most interesting finding in relation to H. deserticola is its reduction in boron uptake. Boron is the most common micronutrient deficiency in field-grown sunflower crops (Blamey et al. 1997 ), but it also can cause toxicity in low-rainfall regions that require irrigation (Blamey et al. 1997; Jefferies et al. 1999 ) and may limit sunflower cultivation in these areas. Helianthus deserticola germplasm may be useful for breeding increased boron toxicity tolerance in the cultivated sunflower.
Helianthus paradoxus. This species is a rare sunflower known only from brackish marshes in five counties of New Mexico and Texas (van Auken and Bush 1998). Soil sodium concentrations in these marshes range from 80-240 mM (Rogers et al. 1982; Welch and Rieseberg 2002) , making H. paradoxus a true halophyte (Flowers et al. 1986 ). In contrast, its parental species occur in habitats with very low soil sodium concentrations:
mM SE for soil from five H. annuus 1.1 ‫ע‬ 0.42 populations and mM SE for soil from six H. petio-5.2 ‫ע‬ 1.2 laris populations (Welch and Rieseberg 2002) .
Halophytes are typically characterized by a suite of traits that reduce the toxic effects sodium may have on the function of cytoplasmic enzymes (Yeo 1998; Hasegawa et al. 2000) . This may be achieved by actively excluding sodium from plant tissues (Flowers et al. 1977 (Flowers et al. , 1986 Ashraf and O'Leary 1995; Francois 1996) or by sequestering sodium internally in vacuoles by means of sodium pumps (Hasegawa et al. 2000) . In addition to exclusion and/or sequestration, salt tolerance can be enhanced through greater WUE and increased succulence (Yeo 1998) . Decreased transpiration can reduce Na uptake, and succulence may both increase WUE (because of a thicker palisade layer in the mesophyll) and reduce cytoplasmic ion concentrations.
Helianthus paradoxus displays many of the predicted traits for a halophyte. Corroborating a prior study (Welch and Rieseberg 2002) , the leaves of H. paradoxus are significantly more succulent and contain more than six times the sodium found in leaves of either parental species (table 2). The latter observation indicates that H. paradoxus has some means of sequestering sodium internally. Consistent with these data, growth chamber experiments revealed that H. paradoxus had a five-to 14-fold fitness advantage relative to its parental species when all three were exposed to Na levels similar to those reported from natural habitat of H. paradoxus (Welch and Rieseberg 2002) .
The interpretation of other traits is less clear. Helianthus paradoxus does grow significantly slower (RGR) than its glycophytic parental species (table 2), which is consistent with expectations for a halophyte (Flowers et al. 1986; Ishikawa and Kachi 2000) . Presumably, the slow relative growth results from the reduced photosynthetic rates that characterize this species (table 2) . However, it is least conservative with respect to instantaneous WUE (though not significantly different from 396 With respect to nutrients, H. paradoxus is significantly less efficient than its parental species in PNUE, potentially resulting from the use of N in compatible solutes and Na tolerance. It also displays a reduction in boron uptake similar to that found in H. deserticola. Levels of other leaf micronutrients appear to be highly correlated with Na accumulation, with Mn and Mg exhibiting a positive correlation and K a negative one. Uptake of these elements is known to be affected by Na and Cl (Glenn and O'Leary 1984; Donovan et al. 1997; Silberbush and Ben-Asher 2001) , and salt tolerance sometimes is achieved by selectivity of K over Na (Bartal et al. 1991) . However, this does not appear to be the case for H. paradoxus, in which K concentrations actually are significantly reduced relative to its parental species (table 2) .
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Conclusions and Future Directions
Results from this comparative study indicate that the three hybrid sunflower species display numerous traits that are extreme relative to their parental species. Comparison to literature for species in similar habitats indicates that most of these trait differences likely represent adaptations to the environments the species occur in, but this has not been proven, nor is it clear that the extreme traits actually arose via hybridization. However, for hybrid speciation to be successful, at least some ecological divergence is required, and this divergence must occur early in the speciation process. This implies that hybridization likely contributed to the extreme phenotypes observed in these ancient hybrid taxa, but further experimentation is needed confirm these predictions.
